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Abstract 

The literature of radiation damage measurements on cadmium zinc telluride (CZT), cadmium 
telluride (CT), and mercuric iodide (HgI2) is reviewed and in the case of CZT supplemented by 
new alpha particle data. CZT strip detectors exposed to intermediate energy (1.3 MeV) proton 
fluences exhibit increased interstrip leakage after 10" p/cm2 and significant bulk leakage after 
10l2 p/cm2. CZT exposed to 200 MeV protons shows a two-fold loss in energy resolution after a 
fluence of 5 x lo9 p/cm2 in thick (3 mm) planar devices but little effect in 2 mm devices. No 
energy resolution effects were noted from moderated fission spectrum of neutrons after fluences 
up to 10" n/cm2, although activation was evident. Exposures of CZT to 5 MeV alpha particle at 
fluences up to 1.5 x 10" dcm2 produced a near linear decrease in peak position with fluence and 
increases in FWHM beginning at about 7.5 x lo9 dcm2. CT detectors show resolution losses after 
fluences of 3 x 1 O9 p/cm2 at 33 MeV for chlorine-doped detectors. Indium doped material may be 
more resistant. Neutron exposures (8 MeV) caused resolution losses after fluences of 2 x 10" 
n/cm2. Mercuric iodide has been studied with intermediate energy protons (10 to 33 MeV) at 
fluences up to 10l2 p/cm2 and with 1.5 GeV protons at fluences up to 1.2 x lo8 p/cm2. Neutron 
exposures at 8 MeV have been reported at fluences up to 10" n/cm2. No radiation damage was 
reported under these irradiation conditions. 
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Introduction 
The well documented radiation damage in cryogenic germanium and silicon detectors (refs 1,2) at 
relatively modest charge particle fluences has prompted interest in the response of the room 

e semiconductor materials now under development. Radiation damage in 
ctor detectors causes degradation of energy resolution, increased leakage current, and 
f the peak position. Depending on the elemental constituents, activation may also 

occur in the case of neutron exposures. Exposure parameters affecting the response of materials 
fields include the fluence level, flux, incident energy, detector bias, and detector 

temperature. In addition to the base constituents, trace contaminants as well as detector 
dimension can also affect radiation response. 

In the case of cryogenic silicon, significant energy resolution losses occur at about 1OI2 dcm2 
(ref 1) with leakage current and pulse height changes after 5 x 10" protons/cm2. Planar 
germanium detectors exhibit significant resolution losses after 1 O9 dcm2. Coaxial (n-type) are 
appreciably more resistant to neutrons than p-type (ref 2). Coaxial (p-type) germanium detectors 
begin to show resolution losses at about 2 x lo7 p/cm2 while in n-type coaxial (reverse electrodes) 
detectors; resolution losses appear at about 2 x lo8 p/cm2. Despite the susceptibility of germanium 
to radiation damage, thermal annealing methods have been developed to mitigate, if not reverse, 
the symptoms of high fluence exposures. 

In this paper we report the results of a survey of radiation damage studies in the room 
temperature semiconductor materials: cadmium zinc telluride (CZT), cadmium telluride (CT), and 
mercuric iodide (HgI2). Also reported are new 5 MeV alpha particle data on CZT including 
a response maps showing material inhomogeneities. 

Methods 
Survey data were obtained through a literature search using the computer databases INSPEC and 
CALPLUS together with DOE archives. In all, more than 300 abstracts were reviewed. The 
review was confined to the materials cadmium zinc telluride, (CZT), cadmium telluride (CT), and 
mercuric iodide (HgIZ), the most promising of the wide-band gap materials now under 
development. 
Alpha particle exposures were made with He 2+ions from the Sandia Tandem Van de Graaff The 
flux was maintained at 2.8 x lo7 alcm2-sec and measured by means of a scalar connected to the 
output of the detector under test. The beam spot size was 1 micron in diameter. Exposures were 
made in vacuum and carried out by scanning the beam over the surface of the detector. This 
procedure provided both effects data as well as homogeneity maps of the detector surface. Gross 
positioning was accomplished with an x-y stage; fine adjustments, over a 250 micron by 250 
micron area, were made with the accelerator's beam handling system. 

Res u Its 
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The radiation effect reported most frequently was the change in energy resolution, although 
changes in the leakage current and peak position shifts were sometimes cited. Energy resolution 
(AE) was determined in most cases by recording the spectrum of a monochromatic photon or 
alpha particle before and after exposure. Detector energy resolution is reported here in terms of 
the full width of a given spectral line at its half intensity point 0. In general, neither the 
detector bias conditions nor the detector temperature were reported. Where available, this 
information is noted in this report. The results including the recently obtained a particle data are 
summarized in Tables 1-3. 

Mercuric Iodide 
The results of this investigation are summarized in Table 1. Proton exposures at 10, 10.7, 33, and 
1500 MeV have been reported at fluences ranging from 1.2 x 10' protons/cm2 (1 500 MeV) to 
10l2 protons/cm2 (10.7 MeV). Also reported were 8 MeV neutron exposures at fluences up to 
1015 n/cm2. 

In 10.7 MeV protons exposures, no losses in energy resolution were found in the 5.9 KeV Mn - 
K a line in a group of 6 detectors following fluences up to 10l2 p/cm2 (ref 3). Similar results 
were reported (ref 4) for a single detector 0.4 mm thick in 5.5 MeV a peaks for 10 MeV protons 
at fluences up to 10" p/cm2; the relative pulse height decreased by approximately 20% following 
exposure of 10 "p/cm2, however. No resolution losses were found in a group of 3 detectors from 
33 MeV proton exposures in 59.5 and 122 KeV photon peaks following fluences of up to 2.5 x 
10" p/cm2 (ref5). 
A group of 4 detectors with an average active area of 6.4 mm2 were exposed to a flux of lo5 
protons at 1.5 GeV (ref 6) .  The detectors, initially unbiased, exhibited anomalous leakage current 
after the first exposure of 2 x lo6 protons/cm2. Subsequent exposures were made under bias and 
the leakage remained stable. No loss in resolution was found in 5.9 KeV photon peaks following 
exposures up to 1.2 x 10' p/cm2. Little effect was found in a single 50 mm2 detector (active 
thickness .26 mm) from 8 MeV neutron exposures in 5.3 MeV a peaks after fluences up to 1015 
dcm' (ref 4). No data on effects from high-energy photon exposures were found. 
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TABLE 1. 
Radiation Damage in HgI2 Room Temperature Semi-Conductor Detectors 

Material 
HgIz 

Radiation Effects 
Proton. - 1 0.7 No AE loss 10l2 p/cm2 
MeV 

10.0 MeV 
1.5 GeV 
33 MeV 

Neutron- MeV 
Photon I No reported data 

No effect 10" p/cm2 
No AE loss to 1.2 x 10' p/cm2 
No AE loss 2.5 x 10" p/cm2 
Little AE effect UD to 1015 n/cm2. 

Cadmium Telluride 
Damage studies were found for proton, neutron, and photon irradiation. The results are 
summarized in Table 2. Proton exposures at 33 MeV were made on chlorine and indium-doped 
material (ref 5) .  This energy was selected so that the beam passed through the thickest samples 
(2.8 mm) and thus contributed no Bragg peak in the test samples. In chlorine-doped samples, the 
energy resolution in 59.5 and 122 KeV peaks degraded sharply after about 3 x lo9 protons/cm2. 
There was some evidence of a slight resolution improvement at lower fluences. Evidence of 
detector thickness dependence in the resolution response was also noted. While quantitative data 
were not obtained for the single indium-doped device tested, the data suggests a higher degree of 
radiation resistance than with the chlorine-doped material. Neutron irradiations were reported at 
a mean energy of about 3 MeV (ref 7). Significant reductions in energy resolution were reported 
aRer about 5x10'' dcm2 in 5.5 MeV alpha spectra using a flux of 10' n/cm2-s. Photon 
irradiations were reported using Co-60 (1.17 and 1.33 MeV) with the resolution monitored at 662 
and 59.6 KeV (ref 8). Marked changes in peak shape were reported at both energies after 
exposure of several times lo' R. No data were found at intermediate and low exposure levels. 
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TABLE 2. 

Radiation Damage in CdTe Room Temperature Semiconductor Detectors 

Material RadiationEnergy ,Effects 
CdTe Proton 33 MeV Chlorine doped - AE degradation after 

-3’x 1ogp/cm ’. 
Indium doped - evidence of greater 
radiation resistance, no quantitative data 

Neutron 3 MeV p-type - increasing AE loss in 5.5 
MeV a peaks at 2 x 10” n/cm2 

Photon 1 .25 Substantial AE loss @? 59.6 KeV after 
MeV 105R 

Cadmium Zinc Telluride 
Radiation damage studies on CZT have been carried out with protons (1.3 and 200 MeV) and 
neutrons (moderated fission spectrum). The results of these studies are shown in Table 3. In a 
single detector with 1.3 MeV protons, the bulk leakage was found to increase significantly after 
10” p/cm2 in a single unbiased 10 x 10 x 2 mm3 strip detector (ref 9) The interstrip leakage 
increased significantly after about 10” pkm’. No energy resolution data were reported. 

Considerable work has been reported in the region of 200 MeV. In one study (ref 10) 2 and 3 mm 
thick planar detectors were irradiated with up to 5 x 10’ p/cm’ and resolution losses were found in 
the thicker devices (3 mm). The initial (unirradiated) FWHM values at 59.6 and 122 KeV of 3.2 
KeV and 3.9 KeV, respectively, degraded to 4.1 and 4.3 after lo9 p/cm2 and to 6.2 and 9.2 KeV 
after 5 x lo9 p/cm2. The thinner device (2 mm) showed no degradation at either energy after like 
exposures, however. A downward shift in peak channel with increasing fluence was reported for 
both thick and thin detectors. The degradation in energy resolution is attributed to radiation 
induced electron trapping. 

In a similar study, (ref 9), both strip and planar detectors were exposed to 200 MeV protons. The 
strip detectors (15 x 15 x 2 mm3) were exposed under bias to fluences from 10’ to 5 x lo9 p/cm2. 
A small gain shift (3%) was noted after a fluence of 1 x lo9 p/cm2 and a significant shift (>25 %) 
after 5 x lo9 p/cm2. No consistent pattern of resolution degradation was found. The resolution of 
a single detector exposed to 5 x lo9 p/cm2 was unchanged at 59.6 KeV but significantly degraded 
at 122 KeV while small losses (and gains) were found at 1 x 10’ and 1 x lo9 p/cm2. In this study, 
the outputs of three strips in each detector were summed; one detector was used for each fluence 
level (1, 10, and 50 x 1 O8 p/cm2). Two planar devices (1 0 x 10 x 2 mm3 and 15 x 15 x 2 mm3) 
were exposed to a fluence of 5 x lo9 p/cm2, one under bias the other unbiased. Gain shift and 
energy resolution were measured at photon energies of 14.4, 17.8, 59.6, and 122 KeV. Gain 
shifts were found at all energies in both biased and unbiased cases. Significant (>45%) resolution 
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losses were found at 59.6 and 122 KeV in the unbiased device. Minor changes (both positive and 
negative) were reported for the biased case. 

Neutron irradiation with a moderated fission spectrum source (Cf-252) at fluences up to about 
10" dcm2 have been reported (ref 11) on a single detector. The detector 10 x 10 x 2 mm was 
biased during exposure. No resolution degradation was found at photon energies of 14.4, 26.3, 
59.6, and 122 KeV for fluences up to 10" n/cm2. Significant resolution losses were found after 
7x10" n/cm2, however. It is interesting to note that the resolution losses were largely recovered 
after 12 weeks of annealing at room temperature. Evidence of neutron activation, in the form of 
gamma-ray lines from cadmium and tellurium isotopes, was apparent at fluences beyond about 
10" n/cm2. Although not reported, similar effects can be expected in CdTe. 
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TABLE 3. 

Radiation Damage in Cadmium Zinc Telluride (CZT) Room Temperature 
Detectors 

Material 
CZT 

RadiatiodEnergy 
Proton 199 MeV 

Protons 200 MeV 

Proton 1.3 MeV 

Effects 
onset ofm loss at 10' p/cmz; 2 

fold increase in AE @ 5.x lo' p/cm 
( 3mm thick)thick detector , 
little AE change in 2mm device 
-- Downward peak shift proportional 
to fluence in 2 mm and 3 mm devices 

Strip detector (biased) >25%) gain 
shift following 5x 10' p/cm2 

Planar 
[biased)-- Small AE effects, both 
positive and negative found @ 14.4, 
59.6, and 122 KeV 
Planar 
(unbiased) 
- Large (>45%) AE losses following 
5 x 10' p/cm' exposure 
-- Gain shifts in both biased and 
unbiased detectors at 14.4, 17.8, 59.6, 
and 122 KeV 
2 mm thick strip detector (unbiased) 
Bulk leakage increases aRer 
1012p/cm2 
Interstrip leakage increases after 10" 

p/cmz 
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TABLE 3. (continued) 

Radiation Damage in Cadmium Zinc Telluride (CZT) Room Temperature 
Detectors 

Material 
CZT 

RadiatiodEnergy 
Neutron Moderated 

Fission Spectrum 

Alpha 5MeV 

Effects 
Planar detection 
-- No AE effects up to 10" dcm2 
-- Measurable BE loss @ 10" dcm' 
-- Activation emission ( y ) at 10" 
n/cm2 

linear decrease in peak position with 
exposure beginning at 2.5~10' dcm2 

AE increases by 60% at 1 . 5 ~ 1 0 ' ~  
a/cm2 

The results of this review were supplemented with alpha particle irradiation. The exposures were 
made with 5 MeV He" ions produced in the Sandia Tandem van de Graaff and made on a single 
3 x 3 x 2 mm3 CZT detector. The exposures were in vacuum over the region from 2 . 5 ~  lo9 dcm' 
to 1.5 x lolo d c m 2  by scanning the 1 micron diameter beam spot over the surface of the detector. 
The flux was maintained at approximately 2.8 x lo7 alcm'-sec by monitoring a scalar connected 
to the output of the detector. Alpha particle spectra obtained by integrating the pulses from a 
small irradiated area are shown in Figure 1. Plots of the resultant FWHM and the peak position 
are shown in figure 2. The data of Figure 2 show a near linear decrease in the peak position with 
fluence. The FWHM, after decreasing initially, increases by more than 60% aRer an exposure of 
1.5 x lo1' a/cm2. Variation in the response of the detector as measured by the a counts recorded 
as the detector was scanned are shown in figure 3. One notes a number of non-responding 
elements distributed through the sample including a band in the lower left. The cause of this effect 
is currently under investigation. 
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Summary And Conclusions 
Knowledge of the radiation susceptibility of the leading room temperature semiconductor 
detectors CZT, CdTe, and HgI2, is incomplete. Factors known to be of significance in 
semiconductor radiation damage such as rate effects (flux), incident energy, and device 
temperature have not yet been hlly examined. Moreover, the available data are from a very small 
sampling of detectors (sometimes a single device) and do not, in general, cover the complete 
fluence range of interest. 

Despite these shortcomings, several interesting features emerge from the existing data. The most 
apparent is that HgI2 appears to be relatively immune to proton and neutron-induced radiation 
damage. No resolution degradation was found from intermediate energy protons at fluences up to 
1OI2 p/cm2. Similarly, no degradation was found from high-energy protons although the effects of 
fluences significantly beyond 10' p/cm2 have not been investigated and accordingly the suitability 
of HgI2 for long-term space mission remains in question. Additionally, the material is apparently 
not susceptible to damage from intermediate energy neutrons. 

The situation for cadmium telluride is less clear. No data were found for effects of high-energy 
protons although the results at intermediate energy suggest vulnerability beginning in the region of 
10' p/cm*. Neutron data are also incomplete although at intermediate energies (8 MeV) the 
damage threshold for resolution degradation is relatively high (10" n/cm2). While no evidence of 
activation was reported, effects similar to those in CZT can be expected. 

The radiation susceptibility of CZT is also in question. There is evidence of resolution 
degradation from 200 MeV protons beginning in the region of lo9 p/cm2 as well as a downward 
shift in peak channel proportional to the proton fluence. However, the resolution degradation 
was apparent only in a 3 mm thick device and not a 2 mm detector. There is also evidence that 
the resolution degradation is dependent on bias conditions although this is based on the results 
from a single detector. Detector response changes following high-energy proton irradiation are 
consistent with increased electron trapping and the associated decreases in the mobility-lifetime 
product. With intermediate energy protons (1.3 MeV), bulk and interstrip leakage was evident 
but only at high fluence levels. Damage for moderated fission neutrons is evident only after 10" 
n/cm2. Neutron activation lines from cadmium and tellurium isotopes appear after about 
10'0n/cm2. It is interesting to note that annealing at room temperature was very effective in 
restoring resolution losses. Resolution degradation and the downward trend in peak position from 
5 MeV a particles, while based on single detector, are generally consistent with proton data. 
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Figure 1. Pulse height spectrum of 5 Mev alpha obtained from a small iradiated area. The alpha 
flux is 2 . 8 ~ 1 0 ~  a/cm2-s. 
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Figure 2. Peak position and f i l l  wide at half maximum as a fbnction of exposure time for a 
irradiated CZT detector. 
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Figure 3 .  Alpha particle response map of detector surface as measured by deviations in counts in 
the photopeak channel. Dark areas indicate non-responsive regions. 
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